Virtually all mammalian physiology is subject to daily oscillations governed by a circadian timekeeping system. This system is composed of a master pacemaker in the suprachiasmatic nucleus (SCN) and subsidiary clocks in most peripheral cell types. The molecular oscillators operative in SCN neurons and peripheral cell types are thought to consist of two coupled feedback loops in the expression of specific core clock genes, including the transcriptional activators CLOCK, BMAL1, RORa, RORb, and RORg and the repressors PER1, PER2, CRY1, CRY2, REV-ERBa, and REV-ERBb Jetten 2009; Relogio et al. 2011; Takeda et al. 2011; Bugge et al. 2012; Cho et al. 2012 ; for review, see (Dibner et al. 2010) . The rhythmic output of the SCN, whose phase is entrained to daily light-dark (LD) cycles, synchronizes the oscillators in peripheral organs by a variety of direct and indirect signaling pathways. Feedingfasting cycles, generated by rest-activity rhythms, have been shown to be dominant Zeitgebers (timing cues) for circadian clocks in the liver and other organs (Damiola et al. 2000; Yamazaki et al. 2000; Le Minh et al. 2001) . However, endocrine (Balsalobre et al. 2000; Le Minh et al. 2001 ) and neuronal (Vujovic et al. 2008 ) outputs as well as body temperature oscillations (Brown et al. 2002; Kornmann et al. 2007; Reinke et al. 2008; Buhr et al. 2010; Saini et al. 2012 ) may also contribute to the phase resetting in these tissues.
The synchronization of peripheral clocks is obviously of utmost importance, since it is a prerequisite for the generation of overt cyclic outputs in physiology and behavior. While a bewildering array of signals can reset the clocks in cultured cells and explanted tissue sections (Stratmann and Schibler 2006) , only few of the corre-6 These authors contributed equally to this work. 7 Corresponding author E-mail ueli.schibler@unige.ch Article is online at http://www.genesdev.org/cgi/doi/10.1101/gad.221374.113. Freely available online through the Genes & Development Open Access option. sponding signaling pathways have been shown to be relevant in vivo. Owing to the functional redundancy of multiple pathways, the steady-state phase of circadian gene expression is quite resilient to the disruption of a particular pathway and therefore cannot be used as a reliable readout for the implication of the examined pathway in the synchronization process (Kornmann et al. 2007 ). In contrast, kinetics of phase shifting of circadian gene expression after the inversion of feeding rhythm has been shown to be quite sensitive to the disruption of a given pathway (Le Minh et al. 2001; Kornmann et al. 2007; Asher et al. 2010) . Unfortunately, such experiments require the quantification of mRNA or proteins from hundreds of mice, since the phase of circadian gene expression must be tracked during several consecutive days (Asher et al. 2010) . Moreover, this procedure yields low-resolution data at best, and the results may be confounded by individual variations in phase-shifting kinetics between different animals. While Shibata and coworkers (Tahara et al. 2012) have recently succeeded in imaging circadian bioluminescence emitted by the liver, kidney, and submandibular gland of individual PER2Tluciferase mice, these experiments were performed during only 1 d on mice that were anesthetized for each image acquisition. Clearly, a long-term, real-time recording procedure applicable to unconstrained, nonanesthetized animals would greatly facilitate the recording of phase-shifting kinetics of peripheral clocks.
Here we report on the development of a device that records bioluminescence in real-time, dubbed the RTBiolumicorder, which enabled us to monitor circadian liver gene expression in freely moving mice at a high temporal resolution during many consecutive days. We explored the RT-Biolumicorder technology to determine the relative importance of the SCN and feeding cycles in the synchronization of hepatocyte clocks and observed that, upon the inversion of feeding cycles, the hepatocyte oscillators of SCN-lesioned mice adapted more rapidly to the new feeding regimen than those of wildtype mice.
Results

Visualization of circadian liver gene expression by whole-body bioluminescence imaging in anaesthetized mice
The activity of genes can be visualized in real-time by the recording of transgenic cells or organisms expressing fluorescent proteins or luciferase. Both of these techniques have been successfully adapted to whole-body imaging of mice (Hoffman and Yang 2006; Sandhu et al. 2010) . Fluorescence measurements involve the excitation of fluorescent proteins with bright light, which would phase-shift the SCN (Albrecht et al. 2001) . Therefore, bioluminescence monitoring appeared to be a more judicious method for tracking rhythmic gene expression in animals. By inserting an optical fiber, Yamaguchi et al. (2001) have succeeded in recording bioluminescence emitted by the SCN of freely moving mice harboring a Per1-luciferase transgene in real time. However, this has not yet been accomplished for peripheral organs. In order to examine the feasibility of monitoring bioluminescence in the liver in real time, we first conducted a few pilot experiments with anesthetized mice. Liver cells of hairless mice (SKH1-E, immunocompetent) were transduced with an adenoviral vector, AdvBmal1-luc, harboring a Bmal1-luciferase reporter gene via tail vein injection (Supplemental Fig. S1 ; Prill et al. 2011) . Such adenoviral vector particles are known to primarily transduce hepatocytes. The mechanism is based on the fact that they bind to blood coagulation factor X upon injection into the blood stream. Factor X (bound to the vector particles) mediates a bridging to heparan surface proteoglycans (HSPGs) on the hepatocyte surface, and this triggers the uptake of viral particles by hepatocytes (Waddington et al. 2008; Alba et al. 2009; Bradshaw et al. 2010; Duffy et al. 2011) . The bioluminescence recording of freely moving mice can only be performed on the dorsal side of animals, since the cage bottom is covered with nontransparent litter. Figure 1A displays dorsal bioluminescence images of hairless mice, which were injected with AdvBmal1-luc particles and luciferin. Three days to 4 d after Adv-Bmal1-luc transduction, the animals were anesthetized at the indicated Zeitgeber times (ZTs; ZT00 and ZT12 are the times when lights were switched on and off, respectively), injected intraperitoneally with a luciferin solution, and prepared for bioluminescence imaging using an IVIS-200 imaging station (Xenogen). As shown in Figure  1A , the livers of mice m3 and m5 (injected with the higher Adv-Bmal1-luc dose) yielded dorsal bioluminescence signals that were low and high when the endogenous Bmal1 gene was expressed at nadir and zenith levels, respectively. Hoping that freely moving animals could be imaged as well, we built a round lightproof cylindrical cage (211 mm) equipped with a hypersensitive EM-CCD camera (C900-13, Hamamatsu). We first determined whether bioluminescence signals could also be acquired for anesthetized mice with this homemade device. Again, strong, daytimedependent signals of luminescent livers were obtained from both sides at the time of maximal Bmal1 expression (Fig. 1B) . Similar results were obtained with PER2Tluc mice, in accordance with the observations recently reported by Tahara et al. (2012) . PER2Tluc mice were engineered by Yoo et al. (2004) by inserting an ORF for luciferase downstream from and in phase with the Per2 ORF by homologous recombination in embryonic stem cells. These investigators showed that the PER2Tlucif-erase fusion protein performed all functions of the wildtype PER2 protein. Since PER2Tluciferase is expressed in most cell types (see Supplemental Fig. S2 ), we enriched the bioluminescence signal of the liver by depilating the mice on only a small region covering this organ. As the hair coat strongly absorbs photons, this yielded bioluminescence pictures of which a large part of the photons were contributed by the liver (Fig. 1C) .
Recording of circadian liver gene expression in real-time and in unconstrained mice Next, we used a freely moving mouse expressing the AdvBmal1-luc reporter in the liver for a live-imaging movie.
The animal was intraperitoneally injected with a luciferin solution (as above), placed in the lightproof cage when Bmal1-luc expression was expected to be maximal, and bioluminescence images were taken every 0.5 sec. Supplemental Movie M1, recorded over a period of 4.167 min, shows that readily discernible signals were produced from the liver of this unconstrained animal. For long-term recording, a constant supply of luciferin was afforded by the intraperitoneal or subcutaneous implantation of osmotic minipumps (Alzet) (cartoon in Fig. 2A ). The luciferin concentrations reached in such animals were lower than those achieved by intraperitoneal injection, necessitating longer exposures. Nonetheless, it was thus possible to reconstruct time series of images during several days for mice expressing Adv-Bmal1-luc in the liver (Fig. 2B) .
Once the source of bioluminescence-the liver in this case, as shown in Figure 1A -is known, it suffices to count all photons emitted by a mouse, irrespective of whether it is moving or not. We hence designed a program (see the Materials and Methods) for the processing of total photon counts acquired by the CCD camera per time unit. The diagram in Figure 2C exhibits photon counts recorded during 1 wk. For all recordings presented in this study, bioluminescence monitoring was started at the beginning of nighttime. Presumably due to a gradual loss of luciferase-expressing cells and/or active Adv-Bmal1-luc vector molecules per cell (see below), the signals were somewhat weaker during the last days of recording, but circadian Bmal1-luc expression with the expected phase could be visualized by this technique during multiple days. While this method can be used for the long-term monitoring of circadian liver gene expression, it has two drawbacks. As seen in Figure 2C , the signal to background ratio is quite low when total photon counts are determined, and EM-CCD cameras are very expensive.
Development of the RT-Biolumicorder, a sensitive real-time bioluminescence recording device
In cultured cells and tissue explants, circadian bioluminescence can be conveniently monitored by using photomultiplier tubes (PMTs) (Yamazaki et al. 2000; Nagoshi et al. 2004; Yoo et al. 2004) . Since the dark current of PMTs is low and their efficiency in detecting photons is high, we adapted the lightproof recording cage to PMT technology and dubbed it the RT-Biolumicorder (Fig. 3A) . Thus, the CCD camera was replaced by a PMT, and the stainless-steel walls of the cage, which conically converge to the counting surface of the PMT, were polished in order to reflect photons more efficiently. External and central cones increased photon counts by a factor of 1.5 and diminished the differences measured for a light source placed at different positions on the cage floor, respectively (Supplemental Fig. S3 ). The cage was also equipped with a device allowing the programming of feeding rhythms, a water delivery system, and an infrared sensor that monitors spontaneous locomotor activity. Finally, the most recent version of the RT-Biolumicorder (available from Lesa-Technology) (see the Materials and Methods) contains a programmable lighting system through which the SCN master pacemaker of experimental animals can be synchronized by skeleton photoperiods (i.e., two light pulses at 12-h intervals) (Oishi et al. 2002) . Figure The livers of four hairless mice were transduced with an adenoviral Bmal1-luciferase expression vector (Adv-Bmal1-luc) by the injection of 200 mL of PBS containing 2.5 3 10 9 (mice m2 and m4) and 2.5 3 10 10 (mice m3 and m5) infectious particles into the tail vein. The mice were exposed during 10 d to light/ dark (LD) cycles (m2 and m3: lights on and off at 11:00 pm and 11:00 am, respectively; m4 and m5: lights on and off at 11:00 am and 11:00 pm, respectively), before pictures were taken in an IVIS-200 imaging station (Xenogen) 3 and 4 d after Adv-Bmal1-luc transduction at the indicated ZTs. Fifty minutes before imaging, they were injected intraperitoneally with a luciferin solution (150 mg/g of body weight). They were under isoflurane (2%) anesthesia during image acquisition. The exposure time was 30 sec. (B) Mice m3 and m5 from A were injected intraperitoneally with a solution containing luciferin (as in A) and an anesthetic Ketarom (10 mL/g of body weight) (see the Material and Methods); placed in a homemade, lightproof cage (head toward the right side); and imaged dorsally and ventrally at the indicated ZTs 5 d after Adv-Bmal1-luc transduction. Images were taken 15 min after luciferin injection with an exposure time of 120 sec. (C) A PER2Tluc mouse was entrained during 10 d to LD cycles (lights on and off at 3:00 pm and 3:00 am, respectively), depilated in a zone surrounding the liver, and imaged at the indicated ZTs 30 min after luciferin injection with an exposure time of 30 sec.
PER2Tluc transgenic mouse. Animals were fed ad libitum, and the corresponding locomotor activity profiles are shown at the bottom of each panel of Figure 3 . The circadian profiles of Bmal1-luc, Rev-erba-luc, and PER2T luc could easily be visualized by this technique during multiple days, and the expression of these three reporters oscillated with phases corresponding to those observed for the endogenous Bmal1, Rev-erba, and Per2 genes. We noticed in all experiments that the magnitude of AdvRev-erba-luciferase expression remained high throughout the recording periods, whereas this parameter progressively decreased after a few days for the Adv-Bmal1-luciferase . The RT-Biolumicorder consists of a cylindrical cage equipped with a PMT (installed at the center above the cage), a feeding machine (right side, filled with food granules), a water flask (left side), and photon-reflecting walls. In addition, the device contains a large reflecting cone on top of the cage (external cone) that projects photons to the PMT and a small reflecting cone in the center of the floor (central cone) that projects photons to the reflecting walls. An infrared sensor built into the small cone records the locomotor activity of the mice. (B) One-week recordings of hairless mice transduced with Adv-Bmal1-luc vector (top panel) and AdvRev-erba-luc vector (middle panel) and a PER2Tluc mouse (bottom panel) that was depilated in the dorsal region above the liver area. All mice had implanted osmotic minipumps (model 2001, Alzet), ensuring continuous luciferin delivery. Photons were accumulated during 1-min intervals (gray dots). The continuous blue line is a guide to the eye representing the 95% percentile of values associated with a smoothing window of 200 data points (see the Materials and Methods). Spontaneous locomotor activity profiles monitored simultaneously are shown below the bioluminescence tracings. Raw data of activity (red) were integrated over 200 data point intervals to help highlight the periodic oscillations in the signal (black line) (see the Materials and Methods). These three recordings were obtained with a prototype of the RT-Biolumicorder that was not yet equipped with reflecting cones.
expression. It thus appears that the Bmal1-luc reporter gene, but not the Rev-erba-luc reporter gene, loses activity over time. Conceivably, this difference is due to the difference in regulatory sequences driving luciferase expression in these two reporters. The genomewide sequencing of DNase1-hypersensitive sites (DHSs) in mouse liver chromatin indeed revealed that the genomic Rev-erba fragment used for the reporter gene expression (À3.5-kb flanking region + first intron) (see the Materials and Methods) encompasses all DHS regions associated with the Rev-erba gene. In contrast, the Bmal1 genomic fragment only contains the promoter DHS region but lacks two intronic DHS regions (T Andersin, J Sobel, I Krier, U Schibler, and F Naef, unpubl.). As DHS regions are reliable marks for cis-acting regulatory sequences in promoters, enhancers, and locus control regions, we speculate that the Rev-erba-luc reporter gene, but not the Bmal1-luc reporter gene, encompasses all DNA elements required for the long-term maintenance of an active chromatin configuration.
Different clock genes are differentially responsive to food-and SCN-derived signals
Feeding cycles, driven by rest-activity rhythms governed by the SCN, are dominant Zeitgebers for the oscillators in several peripheral organs, including the liver (Damiola et al. 2000; Stokkan et al. 2001; van der Veen et al. 2006 ). However, the SCN is also thought to use more direct pathways to synchronize peripheral clocks (e.g., circadian glucocorticoid signaling) (see Balsalobre et al. 2000; Le Minh et al. 2001; Reddy et al. 2007 ). The arguments in favor of this hypothesis rely on the kinetics of phase shifting of circadian gene expression after the inversion of feeding rhythms. Thus, when animals were switched from nighttime to daytime feeding, the phase of clock gene expression gradually changed and reached the new, inverted steady-state phase only after several days. However, when food was offered ad libitum again, the phase observed before inversion of the feeding regimen was rapidly resumed (Damiola et al. 2000) . Moreover, hepatocytes of mice with a liver-specific glucocorticoid receptor gene disruption adapted their phase more rapidly to daytime feeding than hepatocytes proficient for glucocorticoids signaling (Le Minh et al. 2001) . Since the phase of the SCN was found to be sensitive to neither feeding rhythms nor glucocorticoids signaling (Balsalobre et al. 2000; Damiola et al. 2000; Le Minh et al. 2001) , it was argued that, upon the inversion of feeding rhythms, the SCN counteracted phase shifting in the liver and other organs by more direct signals; for example, by controlling the hypothalamic-pituitary-adrenal axis and thereby diurnal glucocorticoid signaling. Although this scenario seems plausible, it has never been examined by monitoring food-induced phase-shifting kinetics in peripheral organs of animals containing or not containing a functional SCN. Figure 4 and Supplemental Figure S4 display phase-shifting kinetics of the expression of Bmal1-luciferase, Rev-erba-luciferase, and PER2Tluciferase in the livers of mice upon inversion of the feeding regimen. As expected, the phases of these expression profiles were gradually changed. Interestingly, while the phase angle of Bmal1-luciferase expression was shifted by only ;60°7 d after the restricted feeding regimen had been imposed, that of Rev-erba-luciferase expression was already ad- Before monitoring, animals were housed under LD cycles (lights on and off at 6:00 pm and 6:00 am, respectively) and obtained food ad libitum. As soon as the bioluminescence monitoring was started, food (brown bars above the panels) was offered exclusively during the subjective days (red profiles) or ad libitum (blue profiles). Note that 7 d (168 h) after the feeding regimen had been inverted, the phase of Bmal1-luciferase expression was shifted by only 6-7 h. In contrast, the phases of Rev-Erba-luciferase and PER2Tluciferase expression were almost completely inverted (by 12 h) at this time. For the purpose of clarity, only filtered data (see the Materials and Methods) are shown, and the values on the Y-axis are not depicted. These values were between 2000 and 30,000 photons per minute for the Bmal1-luciferase reporter, 5000 and 250,000 photons per minute for the Rev-Erba-luciferase reporter, and 2000 and 70,000 photons per minute for PER2T luciferase mice. The background of the PMT is <1000 photons per minute. These recordings were obtained with a prototype of the RT-Biolumicorder that was not yet equipped with reflecting cones. vanced by ;120°at that time ( Fig. 4; Supplemental Fig.  S4 ). The bioluminescence profiles of PER2Tluciferase expression during this phase transition was a bit more difficult to interpret, since a double peak was observed during several days of the phase transition period. Conceivably, one of these peaks was contributed by nonhepatic tissues, which change the phase less rapidly upon restricted feeding (see Damiola et al. 2000; Stokkan et al. 2001) . Nevertheless, 7 d after restricted feeding, the main peak of PER2Tluciferase expression was already advanced by ;150°. These results indicated that different circadian genes responded with different kinetics to food entrainment and that the phase relationships between core clock components were uncoupled during the transition period. These observations were in accordance with the recent study by Asher et al. (2010) and suggested that different clock genes were differentially responsive to food-and SCN-derived signals. Kornmann et al. (2007) previously reported that circadian gene expression in the liver can be driven by both local cues and systemic signals. As the phases of Bmal1-luciferase expression were adjusted more slowly to inverted feeding rhythms, the transcription of this clock gene was probably strongly influenced by cues from the SCN, whose phase is not significantly affected by feeding rhythms. In contrast, Rev-erba-luciferase and PER2Tluciferase appeared to be more sensitive to food-derived signals, suggesting that Rev-erba and Per2 can act as immediate early genes responding to systemic signals. Hence, to evaluate the impact of SCN-derived phase-shifting signals, we used the Bmal1-luciferase reporter gene in subsequent experiments.
Circadian Bmal1 expression adapts more rapidly to inverted feeding cycles in SCN-lesioned mice SCN tissues of mice were ablated by stereotaxic lesions (see the Materials and Methods), and actograms of locomotor activities were examined to ensure that the surgical intervention resulted in arrhytmicity (Supplemental Fig. S5 ). In sham-operated mice, which served as controls, the electrode was inserted into the SCN region, but the electrical current cauterizing the surrounding tissue was not turned on (Supplemental Fig. S5 ). The animals were kept on a night feeding regimen for 4 wk before transduction with Adv-Bmal1-luc reporter vectors and implantation of osmotic minipumps delivering luciferin. The mice were then placed into the RT-Biolumicorder, and photons were recorded at 1-min intervals. After two additional days of nighttime feeding, the feeding regimen was inverted, and the phase-shifting kinetic was monitored. As shown in Figure 5A (top three panels) the sham-operated mice did not yet reach the new, expected steady-state phase 6 d after the inversion of the feeding regimen, similar to the results obtained previously with intact animals (Fig. 4, top panel) . The SCN-lesioned animals exhibited a somewhat delayed phase of circadian Bmal1-luc expression already during nighttime feeding when compared with the sham-operated mouse (Fig. 5A, bottom three panels) . Hence, in the latter, the SCN probably contributed to the timing of the steadystate phase of hepatic gene expression not only through controlling feeding rhythms. Strikingly, hepatic Bmal1-luc expression in SCN-lesioned mice was rapidly shifted to the new steady-state phase after the feeding rhythm had been inverted (Fig. 5A,B) . Therefore, in SCN-proficient animals, the more direct signals emitted by the SCN slowed down the phase-shifting kinetics of liver clocks when feeding cycles were in conflict with the phase normally established by the SCN. In SCN-lesioned animals, only food-dependent signals were operative, and the phase of the liver was thus rapidly inverted. This scenario is illustrated by the cartoons depicted in Figure 5C . Under normal conditions (Fig. 5C, top panel) , the SCN synchronizes hepatocyte oscillators by driving feeding rhythms (through rest-activity cycles) and more direct timing cues (e.g., glucocorticoid signaling). It is likely that multiple feeding-dependent and more direct SCN-dependent molecular signaling pathways (symbolized by arrows in Fig. 5C ) are involved in the synchronization of liver clocks, but under normal conditions, all of these pathways act in concert. Upon inversion of the feeding regimen (Fig. 5C , middle panel), the SCN keeps its phase. Hence, the direct signals emanating from the SCN are now in conflict with the signals dependent on feeding (or fasting), and since the latter are dominant, they gradually change the phase of peripheral oscillators in the liver. This may take between 1 and 2 wk, depending on the clock gene analyzed. In SCN-lesioned animals (Fig. 5C, bottom panel) , only fooddependent signals are operative, and the phase of the liver is therefore reversed rapidly upon inverting the feeding regimen.
Discussion
SCN-controlled signals counteract food-derived signals during the synchronization of liver clocks to feeding rhythms
The RT-Biolumicorder procedure described in this study holds promise for the investigation of gene expression features that were difficult to study thus far. Here we used the technology to examine the impact of signals controlled by feeding rhythms and the SCN on the synchronization of circadian oscillators in the livers of unconstrained freely moving mice. We are confident that the RT-Biolumicorder technology faithfully tracks the phases of rhythmically transcribed gene. Indeed, in all of our experiments, the phases of the recorded bioluminescence cycles closely reflected the known phases of Bmal1, Reverba, and Per2 expression. The results demonstrated that the SCN, whose phase is not sensitive to feeding times, slows down the phase shifting of hepatocyte clocks upon inversion of the feeding regimen. Presumably, it uses signaling pathways, counteracting those related to metabolic cues when the phase of feeding rhythms is in conflict with its own phase. Hence, the RT-Biolumicorder technology will be particularly useful in examining the contribution of molecular signaling pathways to the phase entrain-ment of peripheral clocks. By using the food-dependent phase inversion paradigm, it should be possible to examine the kinetics of phase shifting in the presence and absence of a given signaling component. The Adv-Bmal1-luc expression vector that we engineered also encodes a Cre recombinase (see Supplemental Fig. S1 ). Therefore, the transduction of mice with floxed alleles for genes encoding such signaling components should result in the inactivation of the respective gene in the hepatocytes expressing Bmal1-luciferase.
Circadian liver gene expression persists in SCN-lesioned mice
We also examined circadian reporter gene expression in SCN-lesioned mice fed ad libitum, as previous studies have reported somewhat conflicting results. According to Yoo et al. (2004) , individual organs still display circadian PER2 expression in peripheral organs of SCN-lesioned PER2Tluc mice, although phase coherence is lost between different organs. Tahara et al. (2012) also observed Figure 5 . Phase shifting of hepatic Bmal1-luciferase expression in mice with and without a SCN pacemaker. (A) Mice were exposed to nighttime feeding during 4 wk before monitoring. Two days after the real-time bioluminescence recording was initiated, the feeding regimen (brown bars above the panels) was inverted (vertical dotted line), and the animals only had access to food during the subjective day. Note that the SCN-lesioned mice (SCNx-1, SCNx-2, and SCNx-3; three bottom panels) reached the new steady-state phase of hepatic Bmal1-luciferase expression within 1-2 d after inversion of the feeding rhythm. In contrast, the animals with an intact SCN (sham-1, sham-2, and sham-3; three top panels) only advanced the phase of circadian Bmal1-luciferase expression by ;6-7 h 7 d after the inversion of the feeding regimen. For clarity purposes, the raw data (gray for bioluminescence and red for locomotor activity) were filtered (blue/green and black, respectively) (see the Materials and Methods). These values on the Y-axis were between 2000 and 30,000 photons per minute. (Fourth panel from top) Note that if food was offered ad libitum again (SCNx-1), the hepatocyte oscillators free-ran with the food-entrained phase for a few days and did not resume the old phase (see also Damiola et al. 2000) . Sham-1, Sham-2, Sham-3, and SCNx-1 recordings were obtained with a prototype of the RT-Biolumicorder that was not yet equipped with reflecting cones, while SCNx2 and SCNx3 recordings were acquired using the final version of the RT-Biolumicorder. For sham-1 and SCNx-1 recordings, the prototype of the RT-Biolumicorder was not yet equipped with the infrared detection device. circadian gene expression in organs such as the liver, kidney, and submandibular gland of a large fraction of SCN-lesioned mice. In contrast, Guo et al. (2006) claimed that phase coherence is lost even between cells of the same organ in SCN-lesioned hamsters. As shown in Supplemental Figure S6A , our results revealed circadian reporter gene expression for several days in freely moving SCN-lesioned mice and thus tend to support the conclusions of Yoo et al. (2004) and Tahara et al. (2012) . However, our results must be interpreted with caution, since it is conceivable that the anesthesia and surgical inventions (i.e., tail vein injection and/or implantation of a minipump) reset the phase of desynchronized hepatocyte oscillators. For example, the stress associated with these manipulations might have induced a surge of glucocorticoid hormones, which are strong Zeitgebers for liver clocks (Balsalobre et al. 2000; Le Minh et al. 2001; Reddy et al. 2007 ). In accordance with the study by Tahara et al. (2012) , we noticed that the amplitudes of Bmal1-luciferase expression were somewhat lower in SCN-lesioned mice fed ad libitum as compared with intact mice. This could indicate a partial desynchronization of hepatocyte oscillators in the former (Supplemental Fig. S6B,C) .
The RT-Biolumicorder technology opens new avenues in a wide range of biomedical fields for studying gene expression in vivo
The injection of adenoviral vectors into the tail vein results mostly in the transduction of hepatocytes. However, our RT-Biolumicorder technology should also be applicable to tissues other than the liver. For example, transgenic mouse strains could be engineered in which circadian luciferase reporter gene expression is only activated after Cre-mediated site-specific recombination and in which Cre recombinase expression is directed to organs like the kidney, skeletal muscle, heart muscle, pancreas, skin, and brain. Obviously, signal strength may be a limiting factor for tissues containing a small number of cells. However, since in our experiments with Adv-Rev-erbaluc, the signal obtained for liver is at least 10-fold above the threshold of detection, it probably will be feasible to determine the circadian phase in the aforementioned organs. Moreover, the in vivo bioluminescence monitoring should be readily applicable to measuring circadian gene expression in grafted bioluminescent tumors.
Obviously, our method is by no means limited to circadian biology. Thus, it should readily reveal the kinetics of signaling by hormones; cytokines; neuronal pathways; metabolites such as bile acids, cholesterol, fatty acids, glucose, and oxygen; and medical drugs. Metabolites and drugs are frequently detected by nuclear receptors and other transcription factors, such as family members of the peroxisome proliferator-activated receptors (PPARs) (Tan et al. 2005; Peraza et al. 2006; Grimaldi 2007) , farnesoid X receptor (Handschin and Meyer 2005; Kuipers et al. 2007 ), liver X receptors (LXRs) (Handschin and Meyer 2005) , retinoic acid receptors (RARs) (Altucci et al. 2007 ), sterol regulatory element-binding proteins (SREBPs) (McPherson and Gauthier 2004) , carbohydrate response element-binding protein (ChREBP) (Postic et al. 2007) , constitutive androstane receptor (CAR) (Handschin and Meyer 2005) , pregnane X receptor (PXR) (Handschin and Meyer 2005) , aryl hydrocarbon receptor (AHR; also known as dioxin receptor) (Abel and Haarmann-Stemmann 2010) , and hypoxia-induced factor (HIF) (Kaelin and Ratcliffe 2008) . Thus, we are hopeful that our technology will find wide and fruitful applications in many areas of biomedical research.
Materials and methods
Animal care
Male hairless mice (strain code 477; formerly SKH1 mice with strain code 313) were purchased from Charles River, and PER2T luc mice were generously provided by Joseph S. Takahashi (University of Texas Medical Center, Dallas, TX) (Yoo et al. 2004) . All animals were housed according to standard conditions, and the surgery experiments were approved by the Veterinary Offices of the Cantons of Geneva and Vaud. For the phase entrainment to defined LD cycles, the animals were kept individually in cages placed in homemade, ventilated cabinets with computer-programmable LD cycles (A. Liani and Y.A. Poget, Mechanical Workshop of the Department of Molecular Biology, University of Geneva). When indicated, feeding cycles were imposed before and during bioluminescence recording by a homemade programmable feeding machine (A. Liani and Y.A. Poget).
Locomotor activity recording
Male SKH1 mice (age 3-8 mo) were individually housed with food and water offered ad libitum. Cages were placed in a soundattenuated and temperature-controlled recording room (25°C). Activity was recorded under 12 h:12 h LD cycles (lights on at 9:00 am, 110 lux) for 10 d before surgery and 3-4 d after surgery. Thereafter, locomotor activity was monitored in constant darkness (DD) for 3 wk to assess the circadian organization of overt behavior under Zeitgeber-free conditions. Spontaneous and voluntary locomotor activities were recorded using passive infrared (PIR) sensors (SPY 4/RTE-A, Visonic) and running wheels, respectively. ClockLab software (Actimetrics) was used for both data acquisition and analyses. The presence or absence of significant circadian rhythmicity in locomotor activity was evaluated using a x 2 periodogram analysis (P < 0.01).
SCN ablation
Bilateral lesion of the SCN was performed stereotaxically (963LS, Kopf Instruments) under ketamine/xylazine anesthesia (intraperitoneal injection, 75 and 10 mg/kg, at a volume of 8 mL/ kg). Two electrodes (0.3 mm in diameter) were introduced at the following coordinates: anteroposterior, +0.2 mm using the bregma as the reference; lateral, 60.2 mm; and depth, À5.7 mm. Electrolytic lesions (1 mA, 5 sec) were made using a DC lesionmaking device (3500, Ugo Basile). In sham-operated animals, no electric current was applied. These experiments were performed under the permission of the Veterinary Office of the Canton of Vaud, granted to Paul Franken. . Experiments in which the osmotic minipumps were implanted subcutaneously yielded similar bioluminescence recordings. To avoid cooling of hairless animals, the operating platform was kept warm (near body temperature) using a homemade heating system (A. Liani and Y.A. Poget). Subsequently, 1 3 10 11 adenoviral particles diluted into sterile PBS (final injected volume 200 mL) were injected into the tail vein using a 0.3 3 13-mm 30-gauge needle (304000, BD Microlance) under a P2 hood. To facilitate penetration of the needle, the tail of the animal was maintained for 30 sec in warm water (;40°C) prior to injection, thereby expanding the vein. The animals were then placed in a cage with a filter cover in a box preheated to 32°C until they woke up from anesthesia. After 30-32 h of recovery, the animals were transferred to the RTBiolumicorder, and the bioluminescence monitoring was started. During the recovery time, a painkiller (117 mg/L Algifor 400, Vifor Pharma) was added to the drinking water. All of these experimental protocols were approved by the Veterinary Office of the Canton of Geneva. PER2Tluc mice were depilated in a zone surrounding the liver area under anesthesia before pump implantation using depilatory cream (Veet).
Osmotic minipump implantation and tail vein injection
In vivo bioluminescence recording and image processing
In experiments with a CCD camera (EM-CCD C900-13, Hamamatsu), bioluminescence recording was performed in a homemade, ventilated, and light-tight cylindrical cage with black walls (A. Liani and Y.A. Poget). For long-term monitoring, the floor of the cage was filled with a layer of nonchemiluminescent litter (Cha-Cha-Cha cat litter, Coop, or mulching film [BIOFILIA]), and food and water were provided ad libitum. Images were acquired using CCD camera software (Hokawoo, Hamamatsu) with exposure time ranging from 30 sec to 2 min depending on the type of analysis (moving or anesthetized mice). For data collected from freely moving animals, CCD images were processed using a homemade LabView-based program (A Liani, unpubl.) . Briefly, the software converts TIF images into pixel arrays whose elements are subjected to two filters in a sampling window. A ''low filter'' eliminates pixels with intensity levels close to the background of the CCD camera, whereas a ''high filter'' eliminates pixels with a very high intensity probably generated by cosmic rays. The newly created array of pixels was taken into account if it contained a minimum of 200 samples. The average value of the samples was displayed in a graph and stored as TXT file.
For real-time acquisitions of photons by PMT technology, the RTBiolumicorder technology was established (A. Liani and Y.A. Poget; now available at Lesa-Technology, see http://www.lesa-technology. com). The interior walls of the RT-Biolumicorder are light-reflecting, and the shape of the cage is optimized for a maximum capture of the photons (see Supplemental Fig. S3 ). Food can be delivered at will by a computer-programmable feeding system, and the food and water levels within the corresponding reservoirs can be read from the outside. The cage is also equipped with an air ventilation system, an infrared sensor for the monitoring of locomotor activity, and a computer-programmable LED light source, allowing for the synchronization of the master circadian pacemaker in the SCN by ''skeleton photoperiods.'' For long-term monitoring, the floor of the cage (surface of 349.67 cm 2 ) was filled with nonchemiluminescent litter (see above). Photons emitted by the liver of freely moving mice were integrated over 1-min intervals and collected together with activity counts using RT-Biolumicorder data acquisition software (Instrument Control based on the LabView platform).
Processing of bioluminescence and locomotor activity data
As previously mentioned, bioluminescence intensity traces recorded with RT-Biolumicorder technology were acquired at a 1-min sampling rate. The continuous thick line superposed to the raw data (see Figs. 3B, 5A; Supplemental Fig. S6 ) was a guide to the eye, representing the 95% percentiles of values associated to a smoothing window of 200 data points. Percentile smoothing was preferred to median smoothing (i.e., 50% percentile) to provide a stronger bias for high-intensity values and minimize the sharp signal losses caused by a temporarily poor supply of luciferin or unfavorable animal positions in the cage (parameters that obviously distort the quantitative relationship between photon emission and reporter gene expression). In Figure 4 and Supplemental Figure S4 , raw data are not shown; only filtered values are depicted in area-style profiles.
The thick black line superposed to the raw activity data (see Figs. 3B, 5A; Supplemental Fig. S6 ) was computed taking the integral of the activity traces over intervals of 200 consecutive data points. The latter procedure helped highlight the periodic oscillations in the signal, which were otherwise hindered by the saturation of the activity counts due to the limited sampling rate (60 events per minute).
Calculation of phase angle changes after inversion of the feeding regimen
Figure 5B highlights the phase angle changes recorded in Figure  5A as a function of time after inversion of the feeding regimen. The peaks in the oscillatory bioluminescence response of a given animal were fitted with a Gaussian function to automatically retrieve the positions of their maxima. The time shift with respect to an ideal 24-h daily cycle was computed by subtracting to the nth peak position the position of the first peak and the total number of daily cycles: (n À 1) 3 24 h. The phase shift was finally calculated by setting 24 h = 360°.
Generation of Bmal1-luciferase-and Rev-erba-luciferaseexpressing adenoviruses and viral particle production The preparation of these two adenoviral vectors is schematically depicted in Supplemental Figure S1 . The construction of the adenoviral Bmal1-luc expression vector has been published previously (Asher et al. 2008) . For the Rev-erba-luc adenoviral vector, the MluI/PciI fragment from the mRev-erba locus was cloned in two steps into pGL3-basic (Promega) digested with MluI and NcoI in order to fuse the first 16 amino acids of REVERBa with luciferase (previously published) (Stratmann et al. 2010) . The MluI-DraI fragment from pGL3-Rev-erba-luc (encompassing 3493 base pairs [bp] of the 59 upstream Rev-erba regulatory region, exon1, intron1, the first 14 bp of exon 2 followed by the luciferase coding sequence, and a polyA signal sequence) was inserted into the pCV100 adenoviral backbone plasmid digested with PacI. Adenoviruses were generated and purified as described previously (Kreppel et al. 2002) .
Histochemical procedures and Nissl staining
At the end of the experiment, mice were anaesthetized by ketamine/xylazine (intraperitoneal injection, 75 and 10 mg/kg, at a volume of 8 mL/kg) and subjected to intracardiac perfusion with a PBS solution containing heparin (2 U/mL) and 4% para-formaldehyde (PFA) (pH 7.4). Brains were carefully removed and successively incubated in PBS solutions containing 10% sucrose (1 h), 20% sucrose (1 h), and 30% sucrose (48 h) at 4°C before being embedded in the OCT compound at À20°C until cryostat sectioning.
Coronal brain sections (20 mm) were washed in PBS and then fixed in PBS containing 4% PFA for 10 min at 4°C. Brain sections were then incubated for 10-15 min in Cresyl violet (SigmaAldrich) and washed in distilled water. Brain slides were then successively immersed in 95% ethanol (30 sec), 100% ethanol (30 sec), and xylene (three washes, 3-5 min each) before being placed in Eukitt medium (Fluka) and covered with coverslips. Images for chemically stained whole-brain coronal sections were finally acquired using a stereomicroscope MZ16FA (Leica) (see Supplemental Fig. S5 ).
Detrending of bioluminescence data by moving average transformation and amplitude calculation
To compare bioluminescence values with regard to amplitude (Supplemental Fig. S6 ), we eliminated variations in the magnitude of the signals resulting from different adenoviral transduction efficiencies or differences in luciferin metabolization. To this end, the oscillation period of each animal was calculated on raw data by Fourier transform. A moving-window algorithm, as previously described (Saini et al. 2012) , was then applied to the data set at an interval corresponding to the period calculated for each animal. Each peak of detrended values was fitted by a Gaussian to retrieve amplitude. Amplitude values were plotted as function of time.
